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Abstract (235 words) 
3D printing has been used in complex spinal surgical planning since the 1990’s and is now increasingly 
utilized to produce surgical guides, templates, and more recently customized implants. Surgeons report 
beneficial impacts using 3D printed biomodels as a pre-operative planning aid as it generally provides for a 
better representation of the patient’s anatomy than on-screen viewing of CT or MRI imaging. Furthermore, it 
has proven to be very beneficial in surgical training, and in explaining complex deformity and surgical plans 
to patients/parents. 
This paper reviews the historical perspective, current use and future directions in using 3D printing in 
complex spinal surgery cases. This review reflects the authors’ opinion of where the field is moving in light 
of the current literature. 
Despite the reported benefits of 3D printing for surgical planning in the recent years, it remains a highly 
niche market. This review raises the question as to why the use of this technology has not progressed more 
rapidly despite the reported advantages - decreased operating time, decreased radiation exposure to patients 
intra-operatively, improved overall surgical outcomes, pre-operative implant selection, as well as being an 
excellent communication aid for all medical and surgical team members. Increasingly, the greatest benefits 
of 3D printing technology in spinal surgery are custom designed drill guides, templates for pedicle screw 
placement and customized patient specific implants. With applications such as these, 3D printing technology 
could potentially revolutionize healthcare in the near future.  
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Introduction 
Spine surgeons engage in complex and innovative surgical procedures to stabilize and correct idiopathic, 
congenital, degenerative and injury related spinal deformities. Even though surgical treatment strategies and 
implants have evolved and improved considerably in recent decades, surgical correction of complex 
deformities remains very challenging. To evaluate the severity of spinal deformities and plan any required 
surgical procedures, physicians have traditionally relied on imaging modalities including X-rays, 
fluoroscopy, computed tomography (CT), and magnetic resonance imaging (MRI). Unfortunately, 2D 
projections of radiographic images or 3D scan data will always be limited in their ability to accurately 
represent the full picture of 3D anatomical deformities, detracting from their value during the pre-operative 
planning process. As presented in the other papers in this issue, the use of 3D modelling and rapid 
prototyping (RP) or 3D printing has been increasingly used for complex surgical pre-operative planning, as 
these techniques can accurately reproduce the anatomical details of highly complex deformities that can be 
missed or misinterpreted with standard imaging modalities.   
 
The purpose of this article is to explore the existing uses of 3D printing in complex spinal surgery and to 
discuss some of the future potentials of this technology. The common techniques and requirements for 3D 
printing are addressed elsewhere
1
 A search of the literature was conducted in Pubmed for articles containing 
the terms 3D printing, rapid prototyping, biomodeling or biomodelling, in combination with spine/spinal and 
surgery/surgical planning. General reviews or discussions of this technology where spinal usage is only 
briefly mentioned were not included. 
 
Of the sixteen articles that were found, one was excluded from further review as it was not available in 
English. Publication years ranged between 1999 and 2015, with nearly half of the papers published in the last 
five years, consistent with the rapidly increasing interest in this technology. Three key areas of focus are 
evident: complex spinal deformity cases in which models have been printed for surgical planning purposes; 
the design of patient specific drill guides; and the very recent advent of printing custom titanium implants. 
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Interestingly, there is a clear change in focus of the publications from 2009-11, when simple printing for 
surgical planning was replaced by the printing of surgical tools and finally the implants themselves. 
Although publications on the use of 3D printing for surgical planning have declined in numbers recently, the 
current usage rates remain unclear. Has the spinal surgical community adopted this as a routine technology, 
or abandoned it in the last 10 years altogether? To better understand this shift we conducted a survey of 
spinal surgeons attending the 2015 Annual Scientific Meeting of the Spine Society of Australia, and present 
the results here. 
 
Historical usage and current trends 
The use of 3D printed models in complex spine deformity surgical planning was first reported in 1999 from a 
group in Australia. D’Urso et al.2 noted the previous use of the technology in craniomaxillofacial surgery, 
and undertook a preliminary prospective study of five complex cases to determine its usefulness in spine 
deformity surgery. Members of this group continue to be at the forefront of this area, having published a 
number of other key papers in the field
3–5
. These papers include a total of 51 cases where spine biomodels 
have been utilized, with the remaining 4 papers in this area coming from Japan and China, which describe 53 
additional cases
6–9
.  The authors from these papers all agreed that a 3D reconstructed model was required to 
obtain comprehensive information about complex spinal deformities that would have been unavailable if 
conventional imaging modalities were exclusively used. They found that while CT 3D reconstruction could 
be displayed and viewed from any direction and angle on the computer monitor, these lacked a tactile view 
which frequently saw the biomodel single handedly result in some alteration being made to the surgical case, 
be it implant, approach or fixation related 
6–9
. 
 
Complex spinal deformity surgical planning 
Prior authors have all concluded that the use of 3D printed biomodels offered numerous benefits resulting in 
better surgical outcomes for the patients. For example, Mizutani et al.
7
 evaluated 15 cases and reported that 
3D modeling was beneficial as a preoperative planning tool in rheumatoid cervical spine surgery. This was 
attributed to a better assessment of the trajectory and entry points of cervical pedicle screws, as well as 
allowing for the ability to determine the entire plate-rod contours for occipito-cervical junctions, avoiding 
postoperative dysphagia. Although having a 3D biomodel had advantages such as a detailed representation of 
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anatomy and as a tool for planning surgical procedures, the authors concluded that coupling the 3D model 
with computer-assisted navigation systems likely provided better surgical results. Izatt et al.
5
 aimed to 
quantify the surgeon’s perception on the usefulness of biomodels compared to standard imaging modalities 
as a preoperative planning tool and as an intraoperative anatomical reference in 26 spinal tumor and 
deformity cases. This study entailed a survey completed by the surgeons after each surgical case and found 
that anatomical details were better or exclusively visible on the biomodel (65% and 11% respectively) 
compared to the CT or MRI 3D reconstructions. Therefore, different decisions were made as a direct result 
of the biomodel regarding the materials used (52%) and implantation sites (74%), thereby reducing the 
likelihood of surgical revision being required. Importantly, this paper also recorded an estimated 17% 
decrease in operating time for all 26 patients, with an 8% reduction in surgery time for tumor patients (mean 
46 minutes per case) and 22% reduction in the deformity cases (mean 68 minutes per case) which directly 
reduced the cost of surgery in addition to the other reported benefits. Reasons given for the reduction in 
surgical time were included: easier and more accurate and efficient implant and screw positioning; less 
frequent reference to other imaging resources and a reduced number of levels instrumented due to better 
anatomical visualization and detailed preoperative planning.  A recent systematic review paper by Martelli et 
al
10
 found 52 papers in total that reported time was saved in the operating room due to 3D printing. Likewise, 
Mao et al.
8
 also confirmed that 3D biomodels were helpful in improving preoperative planning and surgical 
treatment of complex severe spinal deformities compared to either CT or MRI 3D spinal reconstructions. 
This paper suggested that the biomodels were a superior visual aid when confirming the position of an 
anatomical landmark, helped the surgeon plan the surgery, facilitated the choice of internal fixation 
instrumentation, and improved the accuracy and therefore the safety of pedicle screw insertion all of which 
would influence the direct costs of the surgical cases and the risk of revision surgery being required in the 
future. 
 
Another important factor discussed by both Mao et al.
8
 and Izatt et al.
5
 was the use of 3D printed biomodels 
as a communication tool with both colleagues and patients/parents. Patients (or if they were less than 18 
years old, their parents/guardians) were contacted after the surgery, and all stated that the biomodels 
improved their anatomical understanding of the condition; the procedure and the risks associated with it, and 
therefore improved their ability to give fully informed consent. Similarly, biomodels enabled better 
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communication and teaching within the surgical team both pre- and intra-operatively. Of course, there were 
also limitations presented in using this technology mainly related to the extra time, labor and the associated 
costs of biomodel manufacture. Nevertheless, it was argued that these issues were offset by the cost savings 
from shorter surgical times, the reduced complication rates and likelihood of surgical revision being required 
in the future 
3,5,7
.  
Presented below are two case studies performed by the authors of this article where 3D printed biomodels 
were used for a pre-operative planning.  
 
Patient A 
A 12 year old male, Neurofibromatosis Type 1 with complex occiputo-cervical spinal deformities with a 
large neuroma in close proximity to the upper cervical spine. The patient was demonstrating steadily 
worsening neurological signs in all limbs and had experienced a number of episodes of intermittent 
quadriparesis indicative of progressive brainstem/spinal cord compression, requiring surgical decompression 
and stabilization. Pre-operatively the patient had posterior-anterior (PA) and lateral (LAT) cervical and full 
spine radiographs (Figure 1), brain and full spine MRI (Figure 2), and 3D CT scans (Figure 3). The CT scan 
was used to create a 3D anatomical biomodel (Figure 4).  
 
After viewing the available imaging data the initial surgical plan was to perform a posterior instrumented 
fusion from occiput to T4 with screw fixation into the occiput and thoracic spine only. Due to the small size 
and deformity of the cervical vertebrae it was considered that the upper cervical vertebrae were too small to 
be able to insert any fixation points for the planned posterior construct. After receiving the biomodel, it 
became evident that the C2 laminae were of a sufficient size for small translaminar screws to be used on each 
side. The surgical instrumentation was changed to include these translaminar screws in addition to the 
fixation points already planned at the occiput and T3-4 levels. 
 
The Biomodel greatly assisted with the explanation to the child’s parents regarding the surgery planned and 
the associated risks involved, contributing to gaining informed consent.  The surgeons reported that the 
addition of fixation to the upper cervical spine had made the instrumented construct more robust and had 
improved the deformity correction achieved by the procedure in addition to the decompression and 
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stabilization components. With the additional fixation points, the surgeon reported that the risk of requiring a 
revision procedure in the future was also less likely.  Although the pedicle screw placement in the thoracic 
spine was not optimum, they have held well to date, the patient’s neurological signs have improved and have 
thereafter remained stable, with no loosening or loss of correction now 10 months postop. Supine LAT and 
PA radiographs one month after surgery and the most recent Lateral view at 10 months postop are shown in 
Figure 5 
 
Patient B 
A 9 year old female, Myelomeningocele Spina Bifida (neurological deficit below T10) with severe 
collapsing kyphosis T10-S1 due to the total absence of posterior spinal elements. The resulting kyphotic 
deformity was causing seating difficulties and the maintenance of the integrity of the skin over the kyphotic 
deformity was becoming challenging, with skin breakdown becoming more frequent.  It was considered that 
kyphectomy and posterior instrumented fusion would improve the quality and length of life. Pre-operatively 
the patient had PA and lateral sitting spine radiographs (Figure 6), thoracolumbar spine CT with 3D 
reconstruction (Figure 7), and a biomodel was ordered (Figure 8). 
 
The surgical plan was to ideally perform a kyphectomy of between 2 – 5 levels followed by deformity 
correction and stabilization with a posterior instrumented fusion from the upper thoracic spine to the pelvis, 
however the thoracolumbar anatomy, especially the thoracolumbar junction anatomy remained unclear. 
Having no posterior spinal elements to fix instrumentation into, alternative fixation points were required. 
After receiving the biomodel, the anatomy of the lower thoracic and lumbar spine was clear and the decision 
was made with some confidence to proceed with the kyphectomy of L1-L3 followed by an instrumented 
fusion from T3- pelvis (Figure 9 and 10). The biomodel also greatly assisted with the explanation to the 
child’s parents regarding the planned surgery and the associated risks involved, contributing to gaining 
informed consent. 
 
The patient recovered well and the parents reported that caring for their child was much easier, as was her 
comfort when seated in her wheelchair. There was the added benefit of being able to sleep supine for the first 
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time in many years. There were no longer any issues with skin integrity or pressure areas over her spine. The 
fixation has remained stable with no complications.  
 
Surgical tools and guides 
Since 2009, designing and printing guides for pedicle screw placement has emerged as a new area of 3D 
printing for spinal surgical planning, particularly in the cervical spine
11,12
. The anatomy in this region is quite 
compact and even more so in pediatric cases, with delicate neural tissue in close proximity making precise 
screw insertion of great importance. 
 
The earlier papers from Lu et al.
11,12
 utilized 3D printed drill guides for two kinds of screw placement in the 
cervical spine. These plastic guides were placed directly in contact with the patient’s exposed bony anatomy 
in the operating room and used to insert screws along predefined trajectories. They found the technique 
highly accurate, and that its use decreased operating time and radiation exposure. These papers were then 
followed by a series of cadaveric studies describing the effectiveness of 3D printed plastic pedicle screw 
templates 
13,14
. The authors of these studies found good agreement between the intended insertion location 
and angle, and that which was achieved by using the screw templates. As a result, titanium was proposed as 
an alternative to plastic models for surgical guides, however it was also found to have disadvantages such as 
cost and availability. In the study by Takemoto et al. 
15
 additive-manufactured titanium thoracic pedicle 
screw templates were assessed specifically looking at the landmarks used as contact points for the template, 
to ensure reproducibility and stability. This study showed a very high success rate for their templates, with 
failure defined as perforation of the pedicle wall by the screw, 98.4% of pedicle screws were placed 
successfully for scoliosis patients and 100% for ligament ossification patients. The issue of cost was also 
addressed in this study stating that the production cost of 10 templates in a singular patient amounted to 
$1,000 for titanium versus $200 for the plastic polyamide. The authors rightly pointed out, that even though 
the non-metallic materials have approval from the United States Pharmacopeia (USP) for use in the human 
body for 24 hours, when in contact with drills and surgical tools; the plastic would likely produce debris, 
which would accumulate in the wound. The long-term effect of this residual material is unknown, and in 
close proximity to the spinal cord its safety is clearly questionable. The titanium templates also have the 
advantage of higher strength and rigidity, being metallic. This ensures greater accuracy and reliability, 
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reduces the chance of warping and flexing, and eliminates the potential of the drill or screw cutting through 
the material and/or producing debris as is the case for plastic guides. 
 
3D printed custom implants  
Recent advances and the increased availability of metal printing technologies, such as direct laser sintering 
and electron beam melting, has allowed for the development of customized spinal implants into current 
surgical practice. Off the shelf vertebral body and intervertebral disc implants are already commonly used, 
but the ability to 3D print both generic and custom metal implants has a number of potential advantages. For 
instance, intervertebral discs that can be printed to conform to the patient’s specific vertebral end plate 
geometry have performed well in cadaveric studies, achieving higher compressive failure loads and better 
stiffness characteristics than flat implants produced in the same manner 
16
. 
3D printed porous titanium structures have great potential for use as bone substitute biomaterials. Titanium 
alloys have been used for decades as a bioactive material
17
, encouraging bony ingrowth onto exposed 
surfaces. Electron beam melting allows porous implants made from titanium alloys to be created with control 
over the shape and pore structure. This technology has the potential to develop both patient specific custom 
implants, as well as generic bone substitute implants. Yang et al.
18
 examined a self-stabilizing artificial 
vertebral body created this way in an in vivo sheep model of the cervical spine. This study found that these 
porous metal implants facilitated bony ingrowth and resulted in very stable fixation in a load bearing 
application – something that is not currently possible with other 3D printed scaffold structures. 
 
World wide a number of companies are already making 3d printed customized surgical tools and templates 
to aid in spinal procedures, as well as custom spinal implants designed specifically for particular patients. 
 
Surgeon survey 
Spinal surgeons attending the Annual Scientific Meeting of the Spine Society of Australia 2015 held in 
Canberra, Australia, were asked to complete a short survey on their knowledge and use of rapid prototyping 
technology (3D printing) in their surgical practices and experience. 35 surgeons completed the survey, of 
which 81% (27) were experienced senior consultants. While 80% of respondents had heard of using 3D 
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printing for surgical planning, only 10 had ever used it. Of these 10, eight reported using it 0-2 times per 
year, and two reported using it 3-5 times per year. Most users (7/10) reported that it improved the surgical 
outcome, with the others saying that it made no difference to surgical outcome. However, additionally the 
comment was made that while they felt the biomodel did enhance surgical planning and the ability to 
perform the surgical intervention, the outcome to the patient was the same as if they hadn’t used it. 
 
For those who were not using the technology, most reported that this was due to availability issues (44%). 
However, only 54% said they would use it should it ever become available in their hospital. Other minority 
reasons given for not using biomodels were cost (4%, n=1), and other reasons (12%, n=3), predominantly 
being that they do not/or have not had a suitable case for which to use it to date. 
 
These results, together with discussions with the surgeons while they were completing the survey, 
highlighted a number of important considerations: that of the suitability of cases for this type of procedure in 
a particular surgeon’s practice, as well as the usefulness of biomodels for purposes other than developing the 
actual surgical plan. The surgeons who currently used 3D printing for surgical planning all worked with 
patients who had complex progressive deformities, whereas those who did not use biomodels treated less 
complex and mainly adult degenerative cases, for which the added expense and time delay to print the model 
were thought to likely not be of sufficient benefit to their surgical planning and/or surgical procedure. 
 
Surgeons who reported they did use 3D printed models found their use often extended beyond the surgical 
planning phase, with many commenting on the benefits of the biomodel in gaining true fully informed 
consent from the patient or their guardian. Having a physical model available of a complex spinal deformity 
made the explanation of the current condition as well as the intended surgical procedure to patients and 
family much simpler and easier to understand.  The description of both the severity and the reasons for the 
current symptoms caused by the spinal deformity could be explained more clearly as well as exactly what the 
surgery would entail and the possible complications and consequences that may occur with or without the 
intended surgical procedure. This sentiment has also been reported in the literature discussed above
4
. 
Furthermore, using the 3D printed models with surgical trainees forms an important teaching tool during the 
surgical planning phase, during the surgical procedure and as retrospective case studies. 
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Future Perspectives  
As reflected in this review, the use of 3D printing as a pre-operative planning tool in spinal surgery is still 
relatively uncommon, even though the technology has continued to develop over the past three decades. This 
review raises the question as to why the use of this technology has not progressed more rapidly despite the 
reported advantages - decreased operating time, decreased radiation exposure to patients intra-operatively, 
improved overall surgical outcomes, pre-operative implant selection, as well as being an excellent 
communication aid for all medical and surgical team members. Regardless of the reported clinical success, 
the lack of usage of 3D RP or printing has been attributed to the availability and cost of the technology, as 
well as the time delay between the scan of the patient being performed and the biomodel being produced 
(several days) and then delivered to the requesting surgeon. The other main reason given for not using 
physical 3D biomodels was that the particular surgeon did not treat the type of spinal deformity patients that 
would benefit from this technology, who are managed by a small contingent of highly specialized complex 
deformity surgeons. 
 
The future success of this technology is dependent on how useful surgeons find the biomodels to be for pre-
operative planning and consent and/or for intra-operative anatomical reference compared to standard 
visualization modalities such as CT scans. Do 3D printed biomodels have the potential to become part of the 
standard of care, or will it always be used only for the most complex deformity cases by specialist spinal 
surgeons and how will the success of the technology be measured? Answering these questions will be vital in 
order for 3D printing to become an essential part of spinal deformity surgery as the technology continues to 
improve, becomes more affordable and faster to produce. It seems clear that even if biomodels are only used 
on a limited basis during the surgical procedure for the most complex cases of spinal deformities, there is 
certainly value in the exercise of virtual planning or 3D computer modeling, a processing step that is 
generated before final 3D printing occurs. The generation of the 3D computer model allows for the on screen 
manipulation of the patient’s specific anatomy generated from their CT scan for the purpose of visualization 
of the deformity for pre-operative planning and rehearsal of the intended surgery.  Therefore, whether or not 
the final stage of printing goes ahead; utilization of the technology of 3D computer modelling will most 
likely become a routine part of spinal surgery for the benefit of clinicians and patients alike. 
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It is worth noting that based on the number of publications found in the literature, China has the appearance 
of leading the medical field in the use of RP technology. Why are some countries such as China more readily 
accepting of RP technology and why are they at the forefront in using it compared to the western world? 
Perhaps it is related to the fact that in western countries, private biomedical companies are driving this 
technology and its use rather than research institutions, which often does not translate into peer reviewed 
publications.   
 
On the other hand, for the design of surgical tools, templates and personalized patient implants, 3D printing 
technology has found a new niche which is demonstrating a rapid advance and may be the most promising 
application in the medical field. We believe that the future of customized patient specific implants will be the 
greatest benefit of 3D printing technology, potentially revolutionizing healthcare and benefitting the largest 
number of patients. This is especially true as the trend continues towards less invasive and more precise 
surgical treatment strategies, and as clinicians increasingly rely on advanced technologies for planning and 
delivering customized and patient specific medical care.  
Further discussion on the techniques, technology and limitations of 3d printing in health care can be found in 
other articles in this issue. 
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Figures 
 
Figure 1.  Pre-operative lateral and posterior-anterior radiographs of cervical and upper thoracic spine of 12 
year old male (Neurofibromatosis Type 1, plexiform neuroma posterior to cervical spine), which did not 
provide clear anatomical detail of significant upper cervical deformity.  
 
 
Figure 2. Sagittal slices of pre-operative MRI showing reduced size of spinal canal in the upper cervical 
spine with insufficient posterior element bony detail (patient A). 
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Figure 3. Multiplanar views of preoperative CT scan at the C2 level and 3D CT reconstruction (lower right), 
which suggested insufficient vertebral bone in the posterior elements of the upper cervical spine for posterior 
fixation (patient A). 
 
 
Figure 4. 3D printed biomodel (sagittal, posterior & upper cervical close-up views) demonstrates the 
anatomy of the C2 laminae were of sufficient size to accept fixation posteriorly in addition to the previously 
planned fixation points in the base of skull and upper thoracic spine (patient A). 
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Figure 5. Post-operative lateral (left) and posterior-anterior radiographs (centre) of cervical and upper 
thoracic spine with halo-brace in-situ illustrating the instrumented correction and stabilisation achieved 
surgically for patient A. Follow up radiographs, 10 months post-operative are shown on the right. 
 
 
Figure 6.  Pre-operative sitting posterior-anterior (left) and lateral (right) radiographs of entire spine of 9 
year old female, (Myelomeningocele Spina Bifida) with collapsing kyphosis (patient B).    
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Figure 7. .Sagittal views from pre-operative CT scan and 3D CT reconstruction (far right) of the thoracic 
and lumbar spine showing more anatomical detail than radiographs of the deformity, but insufficient detail to 
decide how many levels to remove and the precise fixation points for the instrumentation (patient B). 
 
 
Figure 8.  3D printed biomodel (anterior, posterior & lateral views) demonstrates the anatomy of the 
thoracic and lumbosacral spine providing the necessary detail for the kyphectomy and subsequent successful 
deformity correction and instrumented fusion procedure (patient B). 
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Figure 9.  Post-operative anterior-posterior (left) and lateral (right) radiographs illustrating the instrumented 
correction and stabilization achieved surgically for patient B. 
 
 
Figure 10. Pre-operative (left and center) and post-operative (right) photographs showing cosmetic aspects 
of the deformity before and after surgical correction assisted by the use of the 3D printed biomodel (Pt B). 
 
